Introduction
============

The avian reproductive axis is regulated by two neuropeptides: the inhibitory neuropeptide gonadotropin inhibitory hormone (GnIH) and the stimulatory gonadotropin releasing hormone-I (GnRH-I) ([@bib6]). Hypothalamic GnRH-I stimulates the synthesis and release of luteinizing hormone and follicle stimulating hormone from the anterior pituitary gland, which in turn stimulate follicular maturation and steroidogenesis, and trigger ovulation in females ([@bib48]; [@bib35]). Estradiol produced by the outer theca layer of the small follicles stimulates the development of the reproductive tract and the expression of secondary sex characteristics and behavior ([@bib48]; [@bib46]), and is involved in the negative feedback to the hypothalamus and pituitary ([@bib55]). Furthermore, estradiol is involved in stimulating the hepatic synthesis of major yolk components, switches bone metabolism towards medullary formation rather than cortical growth, and increases the activity of calcitriol, which increases calcium levels in the blood making it available for shell synthesis (for review: [@bib17]; [@bib2]). Conversely, progesterone produced by the granulosa cells of the large follicles regulates ovulation ([@bib48]; [@bib41]; [@bib46]). On the contrary, GnIH inhibits the reproductive axis by acting directly on hypothalamic GnRH-I neurons to decrease their activity ([@bib8]; [@bib59]) and on the anterior pituitary by inhibiting the synthesis and release of gonadotropins ([@bib58]).

In controlled environments, the reproductive axis can be regulated by manipulating the photoperiod; GnRH-I mRNA and peptide levels increase when day length increases, activating pituitary gonadotropes, and consequently, the ovary, to stimulate steroidogenesis ([@bib13]; [@bib56]; [@bib52]). This effect is mediated largely by deep brain photoreceptors, the location and pathways of which have been recently reviewed by [@bib29]. On the contrary, the inhibitory pathway (GnIH) is regulated by melatonin ([@bib57]; [@bib11], [@bib12]), which is synthesized during the scotophase and is most prevalent under non-stimulatory photoperiods (typically \< 12 h). Following photostimulation, the increasing amounts of gonadal steroids (estradiol and progesterone) provide feedback to the pituitary to decrease GnIH receptor mRNA expression ([@bib34]). In addition, an increase in day lengthdecreases the amount of melatonin, decreasing GnIH, thus removing the inhibition of the stimulatory branch ([@bib5]).

Besides the photoperiod, the light characteristics, specifically, the number of photons delivered to the bird and the spectral output, are also important. Higher wavelengths are able to penetrate through the skull and brain tissue more easily to stimulate the hypothalamic photoreceptors ([@bib42]; [@bib19]; [@bib40]; [@bib37]). Accordingly, red light is the most effective in activating the reproductive axis ([@bib20]; [@bib3]). Conversely, lower wavelengths (blue/green light) require higher intensities to stimulate hypothalamic photoreceptors ([@bib42]), and experimental evidence suggests that green light may inhibit reproduction in birds via retinal photoreceptors ([@bib53]; [@bib37]; [@bib20]; [@bib38]). The light spectrum also affects growth, and previous studies on broilers have indicated that green and blue light stimulate skeletal muscle satellite cell proliferation and myofiber growth, and may stimulate protein synthesis ([@bib21]; [@bib50]; [@bib9]). Although the effects of green light on growth in layers is not as well documented, similar results have been observed in hens and cockerels, where exposure to green light led to a higher body growth rate ([@bib18]; [@bib3]).

In practice, a variety of luminaires with different complex spectral compositions are commonly used in the poultry industry, and it is unclear how the spectral composition of these light sources affects the reproductive axis of commercial laying hens. Historically, the primary light source used by the North American poultry industry has been incandescent bulbs with a broad spectral output (400--1050 nm) and a gradual peak at 925 nm, mimicking sunlight ([@bib53]; [@bib10]). However, these bulbs emit light by heating a tungsten filament, which is very energy-inefficient, and their sale is progressively being phased out in Canada. The two main alternative light sources are fluorescent light and light emitting diodes (LEDs). Fluorescent bulbs have a spectral output of 400--750 nm, with sharp narrow peaks in the green spectrum (558 nm) ([@bib53]; [@bib10]). Although fluorescent lighting is more energy-efficient, they do not dim well, can flicker, and contain mercury vapor that requires specialized removal procedures when lamps are discarded in large quantities ([@bib7]). LEDs are among the most energy-efficient light sources, can be manufactured to deliver a defined and stable spectral output ([@bib54]), and are fully dimmable ([@bib7]). Our previous research on a strain of blind Leghorn called Smoky Joes revealed that light from the red spectrum is instrumental in triggering and maintaining egg-laying, independently of the retina ([@bib3]). Thus, to take advantage of the effects of red light on reproduction while maintaining vision in a broad spectrum, we designed an LED bulb that emits 60% red, 20% green, and 20% blue light, specifically for laying hens.

The purpose of the current study was to evaluate the effects of three different light sources, 100 W incandescent bulbs, 15 W compact fluorescent (CFL) lamps, and 10 W LED bulbs with60% red light (LED-R), on reproduction, growth, and feed consumption in birds housed in individual cages. In addition, energy consumption for each light source was recorded over an entire production cycle.

Materials and Methods
=====================

Experimental Birds, Housing Conditions, and Lighting
----------------------------------------------------

Day-old Lohmann LSL-Lite chicks were purchased from Archer\'s Poultry Farm (Brighton, Ontario, Canada) and raised at the research station of the University of Guelph. From days one to three, the chicks were maintained on 23 h of light at 20 lux under incandescent lighting. The photoperiod was reduced to 16 hat 4 days of age, and at 1 week of age (woa) a step-down protocol was implemented (14 hat 1 woa, 13h at 3 woa, 12h at 4 woa, 11h at 5 woa, 10h at 6 woa, and 9 h from 7 to 13 woa). At 14 woa, 288 birds were randomly transferred to one of three separate, identical experimental rooms (*n*=96 per room) equipped with individual cages and illuminated with either ten 100W incandescent bulbs (Power Surge, Philips, The Netherlands), 15W compact fluorescent (CFL, TCP, TrueDim Lamps; Aurora, Ohio, USA) or 10W LED bulbs emitting 60% red (668 nm), 20% green (523 nm), and 20 % blue (463 nm) light (LED-R, supplied by Thies Electrical Distributing Inc., Cambridge, Ontario, Canada). Intensity was adjusted to 10 lux at the hens\' level and spectral output was measured using a spectrophotometer at placement (14 woa) and at 39, 44, 46, 50, 57, 67, and 69 woa. From 14 to 18 woa, the photoperiod was set to 10 h and, at 18 woa, the birds were photostimulated using a step-up lighting program increasing photoperiod by 1 h every two weeks until 14 h of light. The birds had *ad libitum* access to commercial diets meeting or exceeding NRC requirements (1994), with a standard poultry chick starter (crumbles) from 0--6 woa, a standard poultry grower (crumbles) from 7--16 woa, and a standard layer-breeder ration (crumbles) from 17 woa to the end of the trial. All animal procedures were reviewed and approved by the University of Guelph Animal Care Committee and strictly adhered to the guidelines of the Canadian Council on Animal Care (CCAC).

To measure the electric energy consumption of the different light sources, a residential electrical meter was installed on the line after the light controller in each room (I-210 + Smart Grid Meter; GE Digital Energy, Markham ON, Canada).

Measurement of Body Weight Gain, Feed Consumption, and Egg Production Parameters
--------------------------------------------------------------------------------

At 14 woa, the birds were weighed to determine their initial body weight, which was used as a reference point to measure body weight gain. Body weights were recorded weekly from 14--31 woa and throughout the trial at 41, 46, 52, 60, and 69 woa. To measure feed consumption, containers were assigned to groups of eight hens (12 containers per room) and were weighed weekly. Individual egg production was recorded daily throughout the trial and reproductive performance was expressed as the average percent weekly production (egg/hen/day over a week). Sexual maturity was determined by recording the age at first egg for each hen. Egg quality was assessed by measuring egg weight and shell strength using the Egg Forces Reader (Orka Food Technology ltd, Bountiful, Utah, USA). Eggs were collected for five consecutive days and egg weights were recorded at 24, 35, 50, and 65 woa, whereas shell strength was recorded at 35, 50, and 65 woa.

Estradiol Immuno-assays
-----------------------

Blood samples were taken from the wing veins of the same 16 birds (four birds per row of cages) in each room at approximately 8:30 am on each sampling day. Serial blood samples were taken biweekly from 13 to 25 woa, and at 29, 33, 37, 41, 45, and 49 woa. Approximately 2 mL of blood was collected and placed in a sodium heparin Vacutainer (Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA). Immediately after collection, plasma was collected by centrifugation at 900×*g* for 15 min at 4°C and was stored at −20°C until hormone extraction and assay. Estradiol extraction and assays were previously validated for chicken plasma and were described by [@bib3]. The intra- and inter-assay coefficients of variation were \< 15%.

Statistical Analysis
--------------------

Since one room was used per light source (*n*=1), the light treatments could not be statistically compared. Egg production, egg weight, shell strength, feed consumption, body weight (kg), body weight gain (%), and circulating levels of estradiol were compared over time for each light source, using one-way ANOVA followed by a Tukey\'s multiple comparison post-hoc test in JMP Statistical Discovery from SAS (JMP Software, Cary, NC, USA). Significance was based on *P*\<0.05. To determine whether body weight was correlated with sexual maturation, correlation was calculated using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) where age at first egg was compared to the birds\' body weight, regardless of light treatment at 19 and 20 woa.

Results
=======

Estradiol
---------

As shown in [Fig. 1](#F1){ref-type="fig"}, estradiol levels peaked prior to photostimulation at 16 woa under all 3 light sources (*P*\<0.0001). Overall, birds under LED-R light treatment had the highest average levels of estradiol. Interestingly, at 52 woa, a second increase in circulating estradiol levels was observed in all hens, regardless of the light source. However, this second increase in estradiol was significant only in birds under LED-R.

![**Plasma estradiol concentrations in hens maintained in individual cages under different light sources.** Levels in estradiol in plasma were measured by immuno-assay on serial blood samples collected from16 birds (four birds per row of cages) taken biweekly from 13 to 25 woa, and at 29, 33, 37, 41, 45, and 49 woa. \* denotes a significant difference (*P*\<0.0001) with the previous data point for each individual light treatment. \$ denotes a significant difference (*P*\<0.05) in estradiol concentration observed at 52 woa for hens under LED-R light.](jpsa-56-148-g001){#F1}

Egg Production
--------------

Age at first egg and total egg number per hen are displayed in [Table 1](#T1){ref-type="table"}. Birds under LED-R light displayed a slight delay in age at first egg compared to birds under CFL and incandescent light. However, the average age at first egg for all light sources occurred between 19 and 20 woa when birds were under 11--12 h of light, confirming that birds began to mature before reaching a stimulatory photoperiod, regardless of light treatment.

###### Age at first egg (mean±SEM) and total number of eggs produced per hen (mean±SEM) for each light source

          Age at first egg (days)   Total egg number
  ------- ------------------------- ------------------
  Inca    137.4±0.57                334.0±2.51
  CFL     137.4±0.65                339.5±1.26
  LED-R   140.8±0.67                334.6±1.83

Egg production was measured over 55 weeks (14--69 woa) and is presented in [Fig. 2](#F2){ref-type="fig"}. Overall, egg production followed a similar pattern for all light treatments, reaching peak production at 22 woa, although average egg production for birds under incandescent light reached the maximum (99.03%) at 25 woa, slightly decreased by 59 woa (90.04%), and remained constant until 69 woa (91.17%). Similarly, birds under CFL reached maximum production (101.12%) at 25 woa, followed by a slight drop (90.58%) at 68 woa. Birds under LED-R light reached maximum production (101.69%) at 24 woa, and after a slight decrease at 59 woa (88.76 %), progressively increased back to 91.17% by 69 woa. The total cumulative number of eggs laid per hen ranged between 334 and 339, depending on the light source ([Table 1](#T1){ref-type="table"}).

![**Egg production of hens maintained in individual cages under different light sources.** Egg production was measured daily for each individual hen and averaged per room per week (expressed as hen/egg/day).](jpsa-56-148-g002){#F2}

Egg Weight and Shell Strength
-----------------------------

Egg weight was measured at 24, 35, 50, and 65 woa, and the results are displayed in [Fig. 3A](#F3){ref-type="fig"}. Egg weight increased as birds aged, regardless of the light source (*P*\<0.0001). However, average egg weight reached a maximum by 50 woa for hens under CFL, whereas the increase was more progressive and prolonged until 65 woa for hens under incandescent and LED-R light. Shell strength, measured in kg-force required to crack the egg, was measured at 35, 50, and 65 woa, and the results are displayed in [Fig. 3B](#F3){ref-type="fig"}. As birds aged, a similar, significant decrease in shell strength was observed under all three light sources (*P*\<0.0001).

![**Weight and shell strength of eggs from hens maintained in individual cages under different light sources.** (A) Eggs from individual birds were weighed over four consecutive days at 24, 35, 50, and 65 woa. Egg weights increased significantly as birds aged (*P*\<0.0001). (B) Egg shell strength was measured by the Egg Force Reader as Kg of force required to crack the egg for each individual birds over four consecutive days at 35, 50, and 65 woa. Overall, age had a significant effect where shell strength decreased as birds aged for all treatments (*P*\<0.0001). Different superscript letters indicate significant differences (*P*\<0.05) between collection dates.](jpsa-56-148-g003){#F3}

Feed Consumption
----------------

With an average of 99 g/bird/day, birds under LED-R light had the lowest feed consumption. Birds under CFL and incandescent light consumed 103.2 g/bird/day and 102.6 g/bird/day, respectively, on average ([Fig. 4](#F4){ref-type="fig"}). Regardless of the light source, age had a significant effect on feed consumption (*P*\<0.0001), which steadily increased from 14 to 20 woa and then plateaued until the end of the trial.

![**Feed consumption of hens maintained in individual cages under different light sources.** Feed consumption was measured weekly from containers assigned to groups of eight hens (12 containers per room). Overall, age had a significant effect on feed consumption (*P*\<0.0001) as birds consumed more feed overtime.](jpsa-56-148-g004){#F4}

Body Weight Gain
----------------

As birds aged, there was an increase in body weight ([Fig. 5](#F5){ref-type="fig"}) and body weight gain ([Fig. 6](#F6){ref-type="fig"}), regardless of the light source (*P*\<0.0001). Interestingly, correlation analysis revealed that for all treatments, a negative correlation existed between the age at first egg and body weight at 19 woa (*P*=0.0006; r =−0.2009). This correlation was no longer observed as of 20 woa (*P*=0.5904; r=−0.03185).

![**Average body weight of hens maintained in individual cages under different light sources.** Body weight was measured throughout the trial. Overall, body weight increased with age, regardless of the light source (*P*\<0.0001).](jpsa-56-148-g005){#F5}

![**Body weight gain of hens maintained in individual cages under different light sources.** Body weight gain was measured by subtracting the initial body weight from the body weight at each time of measurement throughout the trial. Overall, body weight gain increased with age, regardless of the light source (*P*\<0.0001).](jpsa-56-148-g006){#F6}

Electric Energy Consumption and Radiant Flux of the Various Light Bulbs
-----------------------------------------------------------------------

To detect any changes in light output, the spectrum and energy were measured using a spectrophotometer throughout the trial ([Fig. 7](#F7){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). Overall, the LED-R bulbs were the least energy-consuming, followed by CFL and incandescent bulbs (incandescent: 1,210 kW/h; CFL: 202.8 kW/h; LED-R: 152.7 kW/h). Although light intensity was set to 10 lux in each room, there was a difference between the amounts of energy emitted per bulb. LED-R bulbs produced more energy than incandescent and CFL lights, and incandescent lamps emitted more energy than CFL bulbs (incandescent: 7.37±0.84 nW/bulb; CFL: 2.25±0.34 nW/bulb; LED-R: 15.47±1.94 nW/bulb).

![**Spectral output and wavelength peaks from each light source.** Representative spectral output recorded with a spectrophotometer, with each light source set to 10 lux.](jpsa-56-148-g007){#F7}

###### Cumulative energy consumption and average energy emitted for each light source emitted per bulb when set to 10 lux

          Cumulative energy consumption   Energy emitted per bulb
  ------- ------------------------------- -------------------------
  Inca    2,528                           7.31±0.93
  CFL     424                             2.24±1.6
  LED-R   308                             15.21±2.3

Discussion
==========

With the great advancements in genetic selection in laying hens, optimization of the environmental conditions is vital ([@bib30]). This includes light quality (spectrum and intensity) and photoperiod. Previous studies have demonstrated that higher wavelengths more strongly stimulate the reproductive axis in chickens ([@bib20]; [@bib22]; [@bib28]; [@bib3]; [@bib32]) and Japanese quail ([@bib60]) than shorter wavelengths, whereas other studies have revealed that birds exposed to green light display a delay in sexual maturation ([@bib37]; [@bib20]; [@bib22]; [@bib38]). In fact, the above studies suggest that exposure to red light results in the stimulation of the hypothalamic-pituitary-gonadal axis via deep brain photoreceptors, whereas green light may inhibit reproduction via retinal photoreceptors. In the present study, the spectral output of both incandescent and LED-R bulbs peaked in the red spectrum, whereas that of CFL bulbs peaked in the orange and green spectra, yet, production parameters showed a similar profile regardless of the light source. However, under the study conditions, sexual maturation occurred before the stimulatory photoperiod was reached, suggesting that lighting may not have been the primary trigger for this early onset of lay. The Lohmann LSL-Lite laying hens used in our experiment are a strain of white leghorns heavily selected for egg production and is expected to reach50% production between 20 and 21 woa in a cage system ([@bib33]). This suggests these birds may rely on internal factors, such as body weight, to activate the reproductive axis. The impact of metabolic status and body weight on maturity was previously shown in Japanese quail, where birds matured earlier when they reached a critical body lipid level ([@bib62]). In a study comparing two strains of Japanese quail divergently selected for early body weight gain, entry in lay occurred as birds reached 90% of their adult body weight, irrespective of the strain ([@bib25]). In leghorns, early-maturing hens began laying at a similar body weight to that of hens that matured later, indicating that there is a relation between body weight of birds and initiation of lay ([@bib14]). [@bib15] found that restricted feeding slightly, albeit not significantly, delayed the onset of lay in layers, suggesting that birds had met their threshold body weight to initiate lay. Interactions between body weight, fat deposition, and sexual maturation following photostimulation have also been reported in broiler breeders ([@bib43]). In our study, a negative correlation was observed between body weight and age at first egg, where an earlier age at first egg (in days) correlated with a higher body weight (kg) at 19 woa, regardless of the light source.

Overall, birds under LED-R lights had the highest average levels of estradiol. Interestingly, the first peak in estradiol occurred at 16 woa, approximately 3 weeks before photostimulation, supporting the hypothesis that activation of the hypothalamic-pituitary-gonadal axis does not depend on the photoperiod. Unexpectedly, at 52 woa, a second increase in estradiol was observed in all groups, although it was only statistically significant in birds under LED-R light. The cause of this second increase in estradiol, and whether it originated from stimulatory input at the level of the hypothalamus/pituitary or was initiated locally at the level of the ovary, remain unknown. Recently, breeding companies have increased the selection pressure to extend the laying persistency of commercial strains beyond 100 woa, and it is possible that a spontaneous second wave of follicular recruitment may occur later in the cycle. In a study by [@bib27], there was no difference in serum estradiol concentrations between old (53--63 woa) and young mature hens (28--38 woa). However, as birds aged, estradiol levels in the preovulatory follicles decreased, leading to longer intervals between ovulation, which resulted in decreased egg production ([@bib27]). In the present study, all hens were still above 90% production by the end of the trial, and although this is a very interesting finding, the cause, source, and regulation of this late increase in estradiol will require further investigations. Nonetheless, the fact that only the LED-R light resulted in a statistically significant increase supports our previous findings that red light is more efficient at stimulating the production of estradiol than light of other wavelengths ([@bib3]), possibly by more strongly stimulating the hypothalamic photoreceptors late in the production cycle. A relation between tissue penetrability and energy from light has been previously proposed, as the effect of higher wavelengths appeared more prominent during the second laying cycle, after birds were molted, because peripheral tissues are harder to penetrate with increasing age ([@bib45]). This is in line with results from another study, where leghorns exposed to red light at 72 woa and onward had significantly higher production than birds exposed to incandescent light ([@bib47]). Therefore, the higher amount of red light in the LED-R light and the resulting higher amount of energy emitted from the bulb may be more efficient at stimulating the reproductive axis than CFL and incandescent light, although the stronger increase in estradiol levels did not translate into higher egg production. Regardless of the light source, the birds produced nearly an egg a day once they reached peak production at 22 woa; it would be difficult physiologically to significantly increase production. Nonetheless, higher estradiol levels may affect other aspects of bird physiology, such as calcium deposition or time of ovulation ([@bib4]; [@bib2]).

As mentioned above, previous studies on non-commercial strains of laying hens indicated that exposing birds to light with higher wavelengths results in higher egg production than maintaining birds under white, green ([@bib45]; [@bib24]; [@bib3]; [@bib32]), or blue LED light ([@bib22]; [@bib28]). Similarly, Japanese quail exposed to red light maintained a higher rate of production than birds exposed to blue and green lights until 16 woa ([@bib60]). Further, broiler breeder hens exposed to fluorescent light had a lower level of egg production from 58 woa onward ([@bib26]). However, using commercial strains of laying hens, [@bib16] found that there was no effect of light treatment on egg production when birds were exposed to either red, green, blue, or white light, although birds under red light had higher production than birds under green and blue light from 38--52 woa. Similarly, in the current study, egg production and the cumulative number of eggs were not affected by the light source, and as incandescent and LED-R lights peak in the red spectrum whereas CFL light peaks in the orange spectrum, it is possible that each light source did deliver a sufficient amount of red light or energy to stimulate the hypothalamic photoreceptors. If this is the case, photostimulation by any of the three light sources would have driven hens to peak production and would thus have overshadowed any effect of light spectrum on egg production. However, although consensus suggests that red light the most strongly stimulates the reproductive axis, whether this effect is mediated by the activation of wavelength-specific photoreceptors or is based on higher energy and thus, penetrability of red light is not known. In our study, the light intensity was set as 10 lux for all sources; however, we are aware that lux, the standard unit used in poultry operations, is not a true measure of intensity, but rather a measure of illuminance standardized to human perception (retinal photoreceptor density), and W/m^2^ is a better indicator of true intensity ([@bib31]). As shown in [Table 2](#T2){ref-type="table"}, the three light sources used in our study vary greatly in energy delivered, although normalized intensity based on W/m^2^ would have equalized the energy. Thus, tissue penetration to activate deep-brain photoreceptors, this would have significantly impacted the visual acuity of the birds. Based on the significant difference in relative sensitivity of the retina between human and chicken ([@bib44]; [@bib31]), normalizing light intensity on the basis of W/m^2^ rather than lux would have resulted in overly dimmed light for incandescent and LED-R bulbs or disproportionally bright light for CFL lamps, which would have severely affected the birds\' visual environment and thus, their welfare.

Previous findings on the impact of light spectrum on egg quality are somehow contradictory, as no difference in egg weight and shell quality were reported under various monochromatic lights ([@bib22]) and under daylight supplemented with fluorescent or LED light ([@bib20]), whereas [@bib16] found that eggs were heaviest under white light, and lightest under red light. They also determined that birds under monochromatic green light produced eggs with stronger shells than those under white or blue light. Others have reported that laying hens under blue light produced heavier eggs than birds under red or white light from 41--50 woa ([@bib28]). Shell quality was also reported to be superior when hens were maintained under green light, and egg weights were higher in hens under green and blue light during the first and second laying cycle ([@bib45]). [@bib32] found that birds under red or white light had the heaviest eggs, and hens under blue and green light produced significantly lighter eggs; however, egg shell strength was superior in birds under green light compared to birds under white or blue light ([@bib32]). Thus, there is no consensus on the effect of light wavelength on egg quality, and strain, nutrition, and metabolic status may have stronger influences on egg quality than light.

The effect of light wavelength on feed consumption, feed efficiency, and body growth has been studied mainly in broilers. [@bib49] found that broilers raised under green light had higher body weights from 3 to 20 days, and exposure to blue light significantly increased body weight from 20 to 34 days of age. In a follow-up study, [@bib50] showed that the body weight and growth of broilers were the highest when birds were raised under monochromatic green light until 10 days and then switched to blue light until 46 days, and these effects appeared to be partly mediated by direct stimulation of muscle growth. In addition, higher feed intake and better feed conversion have been reported in broilers under white and yellow LED compared to birds under CFL light ([@bib36]). However, commercial broilers and layers have been selected for completely different traits and thus, results cannot be extrapolated from one breed to another. Furthermore, broiler birds reach market weight by 6 woa and are thus considered juvenile. Nonetheless, [@bib23] also found that laying hens under red light had better feed conversion, which is in line with the results in our trial, as birds under LED-R produced the same number of eggs while consuming less feed. When comparing feed conversion in layers, it is important to consider environmental housing, as energy expenditure directly relates to the level of activity or thermoregulation. In our experiment, all birds were placed in individual cages, so that their energy expenditure relative to activity would be minimal. Still, a higher amount of red light appears to reduce feed intake and to slow down growth. Previous trials conducted by our group yielded similar results; hens maintained under monochromatic green light had a significantly higher body growth rate than birds maintained under red or white light; however, feed consumption was not measured and birds under green light laid significantly fewer eggs ([@bib3]).

Throughout the trial, spectral output was measured with a spectrophotometer, and the spectral integrity for each bulb remained constant, indicating a stable output. Electric energy consumption (kW/h) between bulbs did vary and was directly in line with the energy ratings, where the 10W LED-R lamps used less energy than the 15W CFL and 100W incandescent lamps. The large difference in energy consumption between incandescent and LED-R is a testament of the latter\'s efficiency, as the majority of energy is wasted as thermal output for incandescent bulbs ([@bib1]), while the high photoelectric conversion efficiency of LED bulbs results in low thermal output, increasing longevity and lowering energy usage ([@bib61]). Energy emitted per bulb was measured as the radiant flux, which is the number of watts emitted per second from the light source (nW) ([@bib44]). Although maintained at the same intensity (10 lux), the LED-R bulbs had a significantly higher radiant flux than the CFL and incandescent lamps. The variation in radiant flux between the light sources may be due to the intensity distribution. Incandescent and CFL bulbs have a relatively good isotropic intensity distribution ([@bib51]), whereas an LED bulb with 75 LED elements had the highest intensities of light below the light source, indicating that the LED light intensity is anisotropic ([@bib51]). Although [@bib51] used a different light source, the higher energy emitted from the LED bulb may have been due to large clusters of light being detected by the light probe. Therefore, based on previous research performed by [@bib51], the difference in radiant flux between the bulbs may have been due to the different distribution of light emitted from each of the bulbs.

In conclusion, as previously reported, red light is more efficient at stimulating the reproductive axis than light of other wavelengths as indicated by the higher concentrations of estradiol; however, this did not translate into earlier onset of lay or higher egg production. We did not anticipate that hens would initiate sexual maturation shortly after placement and prior to photostimulation, and display such a high level of laying persistency. This is likely due to the heavy genetic selection for egg production in commercial birds over the last decades, especially, during the last 10 years. As there was a significant correlation between age at first egg and body weight, other internal factors, such as metabolic status, may be more important cues to trigger sexual maturation than photoperiod. Interestingly, we did observe a distinct, second increase in estradiol around 52 woa, which may be linked to the sustained laying persistency, preventing the anticipated progressive decrease in egg production. Based on body growth and feed consumption, our study suggests that in cages, birds under LED-R may have better feed efficiency. Overall, the LED-R bulb used significantly less electricity and emitted a higher radiant flux, which makes it an ideal candidate for use in table egg and breeder operations.
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